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Abstract 
Physics is not a very popular subject at colleges and grammar schools too. Therefore we have to use any opportunity to increase 
the attractiveness of physics for students. One of the possible ways is to suggest to students to carry out interesting experimental 
projects in order to extend their knowledge beyond the curriculum. When working on the project, students must under the 
guidance of the teacher analyse physical phenomena, design and construct apparatus, perform the measurements and then 
evaluate results. The article described one of the student’s projects. The aim of the project was to experimentally investigate the 
polarization of light by reflection. Built apparatus allow measuring the intensity of reflected light for P and S wave depending on 
the angle of incidence of light on the sample investigated. The students were able to verify Brewster law, measure refractive 
index and validate Fresnel formulas. The work on the project provide students the opportunity of insight into the nature of 
experimental methods in physics and carrying out qualitative and quantitative analysis of the studied phenomena. The 
imperfection of the apparatus allows students to suggest its improvements and in this way to be stimulated to creative work. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Organizing Committee of WCLTA 2013. 
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1. Introduction 
 
In many countries, for a long time remains disinterest of young people to study technical disciplines or natural 
sciences, especially physics. Most students have insufficient knowledge of mathematics and physics and therefore 
they have problem with understanding of technical subjects. The cause of poor knowledge of pupils in mathematics 
and physics is to be sought at the primary schools. These subjects are not attractive; many pupils consider them very 
difficult, tedious and incomprehensible. Although in last decades the equipment of schools laboratories has 
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improved and schools use sophisticated IC technologies, the average level of knowledge of pupils doesn’t increase. 
Consequently the problem persists even at grammar schools and later at college. On the other hand, also the talented 
students, who should all preconditions successfully study physics or engineering discipline, prefer economic or 
humanities. Therefore we have to use any opportunity to increase the attractiveness of physics for students. 
The physics teacher must try to make physics more interesting; he should show them various use of physics in 
everyday life and allows them to independently explore physical phenomena around us. The methods used by the 
teacher, of course, depend on the age of students and their level of competence. The project teaching is very 
attractive and effective form, which can be successfully used at high schools and colleges. When working on the 
project, students must (under the guidance of the teacher) analyse physical phenomena, design and construct 
apparatus, perform the measurements and then evaluate results. 
 
2. Motivation 
 
Optical phenomena are all around us. The students are familiar with the polarized sunglasses, which reduce glare of 
reflected light. Polarized glasses are often used by track drivers and fishermen. How such glasses work? How the 
intensity of transmitted light depends on orientation of glasses? Why is reflected light polarized? How the 
polarization depends on angle of incidence of the light? These questions motivated students to work on project. The 
aim of the project was to experimentally investigate the polarization of light by reflection. Students were given the 
polarizing filter and the light meter (lux meter) and instructed to build the experimental apparatus for measurements. 
Students should seek the necessary theoretical information on the polarization of light in textbooks or on the 
internet. They were encouraged to use computer technology for processing and display results. The project was 
designed most capable students. After the project was the presentation and discussion of the project results to the 
whole class. 
 
3. Theory 
 
Physics syllabus for grammar schools in Slovakia includes basic concept of longitudinal and transversal undulation, 
light as transversal electromagnetic undulation, velocity of light, refractive index, laws of reflection and refraction of 
light, total reflection of light. Because of strongly reduction of physics curricula five years ago, there is no more 
information about polarization, Brewster law and application of polarizing phenomena. In the framework of project 
student was given brief explanation about polarization of light by reflection and encouraged to study additional 
sources. All necessary information can be found for example in books [1-3]. 
Let light wave falls into a plane boundary between two media (witch refractive indices are n1, n2 respectively) under 
the angle α (measured from the normal to interface). According to the law of refraction 
βα sinnsinn 21 = ,          (1) 
where β is angle of refraction. The incident, reflected and refracted rays, as well as normal to interface, lie in the 
plane of incidence. Since light is a transverse wave, its electric intensity vector is perpendicular to the direction of 
the light propagation. It is customary to decompose it into a component parallel to the   plane of incidence (P) and 
a component perpendicular to its (S). Fresnel derived relations for the amplitudes of the wave polarized in plane of 
incidence 
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for the wave polarized perpendicular to the plane of incidence. The relations (2) and (3) are called Fresnel equations. 
The amplitude of incident wave is denoted with the index i, the reflecting one with the index r and the refracting one 
with the index t. Nevertheless, amplitude of waves cannot be directly measured; we measure only the light intensity 
(illuminance). Therefore we have to use the terms reflectance (R) and transmittance (T), which characterize the 
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energy conditions at the interface. Reflectance R is defined as a ratio of the reflected and incident wave energy and 
transmittance T as a fractional share of energy of the refracted and incident wave. It has a form 
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For a lossless interface is R + T  = 1 for both P and S polarization. As we can see from (4), when α + β = π/2, 
reflectance RP goes to zero, i.e. reflected P wave vanish and as a result only S wave is reflected. This occurs, when 
angle of incidence satisfies the condition 
1
2
n
ntg B =α ,            (6)  
This is well known Brewster law for polarization by reflection.  
 
4. Experimental apparatus 
 
The experimental apparatus (Fig. 1) consists of   two rigid tubes made from cardboard, blackened inside and 
mounted by a mechanical holder on a base wooden plate so that the axis of the tubes is always intersect at the same 
point, which lies on the surface of the sample. A simple lever mechanism ensures that both tubes enclose  
 
Fig. 1. Scheme of the experimental apparatus 
 
the same angle α with the normal to the sample surface. When one tube rotates, the second one will also rotate 
automatically. The angle between the normal and   the tube axis can be read on the quadrant circle. At the end of one 
tube, a white light source is positioned. The light from the source is directed by tube at the sample and after 
reflection from it captured a second tube. Reflected light goes through polarizer and finally reaches the   light-
sensitive sensor of a lux meter.  The LX 1102 LUTRON with sensibility of 0,01 lx was used for measurement. If the 
polarizing filter is not oriented, it must first be properly set to release only the P wave. We set the angle of incidence 
of about 55°, turn on both the light power and the lux meter and rotate the polarizing filter until it shows a minimum 
value of illuminance. For the measurement of S wave we must rotate the polarizer on 90 degree relatively to 
previous position. 
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5. Results and discussion 
 
Students were asked to measure various samples to determine the dependence of intensity of light reflected by the 
sample from the angle of incidence for both S and P wave and to transfer the measured values in graphs to 
determine the Brewster angle for the material. As an example, the measurement results for a sample of glass plate 
are shown (Fig. 2). The angle is measured in degrees. The values of  P wave were at surrounding of the minimum 
measured at intervals of 1°, a standard step was 5°. The maximum value of the angle of incidence allowed by the 
apparatus was 72°. The obtained curves correspond qualitatively to the theoretical curves in accordance with Eq. 4. 
The minimum of curve for P wave is very flat, therefore for determining of the Brewster angle and hence the 
refractive index it is necessary to take into account all the measured values, not just the minimum. 
 
     
Fig. 2. (a) Dependence illuminance versus angle of incidence;      (b) Dependence reflectance versus angle of incidence  
 
An important part of any experimental work is an analysis and evaluation of the results obtained. The first question 
to answer is why the curve for P wave does not have a zero minimum. Due to dispersion (dependence of the 
refractive index on the wavelength), the minimum has for each wavelength a different position, so that the resulting 
curve does not have a zero minimum. Another factor is that the light from the source is not collimated, but 
divergent, and   thus does not fall on the sample at a constant angle. The third factor is the reflected light from the 
inner walls of the tube, although they are blackened. Fourth, the light can be reflected from backside of the sample. 
Finally, there is scattered light falling into the tube from surrounding. The sum of all these effects produces a noise 
signal. Assuming the signal is considered independent of the angle of incidence, the experimental results may be 
corrected by subtraction of the minimum value for P wave. 
Another issue to be solved is the calculation of reflectance. As we do not know the intensity of the incident wave 
and its experimental determination would be very difficult, we must follow from the fact, that the values measured 
by lux meter  are directly proportional to reflectance. The measured values (after subtraction of correction) must 
therefore be divided by a factor of Q, so that the result corresponds as much as possible to theoretical curves. Thus 
we summarize the algorithm of measurement results processing:  
• From the series for P wave we determine the minimum value and subtract this value from all measured 
values;  
• From the   angle corresponding to the minimum value (Brewster angle) we determine the refractive index 
(gross estimation) and subsequently calculate the theoretical curve;  
• By comparing the numerical values of the experimental data in lux and theoretical values of reflectance in 
percentage, we find the optimal value of the coefficient Q;  
• We recalculate the measured values into the reflectance and construct graphs;  
• By small changes in the value of n we tune the best possible accordance of the theoretical curves with the 
calculated reflectance values.  
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The whole process is demonstrated on the example of plate glass sample measurement. The result is shown in Fig. 2 
(b). More significant deviations from the theoretical values can be seen for S wave in the field of large angles of 
incidence. One of possible explanations is that the elongated ellipse, created by the light falling on the sample under 
a large angle of incidence, exceeds the boundaries of the sample (the glass is too small) and  therefore not all the 
reflected light reaches the tube with lux meter. The effect should also demonstrate on P wave, there are, however, 
smaller values, so it is not as significant. The measurement accuracy of the angle of incidence is approximately ± 1°, 
that is, the refractive index of the sample ranges from 1.428 (for α B = 55°) to 1.540 (for αB = 57°). Taking into 
account all the measured values (fitting the entire curve), the accuracy is slightly improved, but the uncertainty of 
finding of the index of refraction is still relatively large. 
 
6. Conclusion 
 
The student’s project has been very successful and has brought many new knowledge and skills not only to students 
participating in the project, but the whole class. The experiences gained in the project were later used in student’s 
bachelor work [4]. The students were able to verify Brewster law, measure refractive index and validate Fresnel 
formulas. The work on the project provide students the opportunity of insight into the nature of experimental 
methods in physics and carrying out qualitative and quantitative analysis of the studied phenomena. The 
imperfection of the apparatus allows students to suggest its improvements and in this way to be stimulated to 
creative work. 
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